Introduction
============

The relevance and currency of a scientific topic can be judged by examination of available databases. Searching PubMed using the search criteria "nanotechnology" AND "CTCs", "nano" AND "CTCs", and "nano" AND "circulating tumor cells" reveals 131 reports published between 2009 and 2018 (current status May 2018). As illustrated in [Figure 1](#f1-ijn-14-4187){ref-type="fig"}, the number of published reports has increased nearly fivefold over the last 6 years. These results are almost expected, because of the steadily growing application of engineered nanomaterials (NMs) in biotechnology and biomedicine.[@b1-ijn-14-4187] One of the preferential areas in which nanomedicine will play a vital role is the early diagnosis and efficient treatment of cancer.

The majority of cancer-related deaths are caused by cancer metastasis, accounting for about 90% of cancer mortality.[@b2-ijn-14-4187]--[@b5-ijn-14-4187] Metastasis is a multistep process comprising the dissemination of cancer cells from primary tumors to distant tissue, which is also known as the invasion--metastasis cascade. Unfortunately, the detailed molecular mechanisms underlying tumor metastasis remain unclear, but it is known that one necessary step in distant metastasis is the transport of tumor cells through the blood system.[@b6-ijn-14-4187],[@b7-ijn-14-4187] Circulating tumor cells (CTCs) are cancer cells of solid-tumor origin that have detached into peripheral blood from a primary tumor and circulate in the body. CTCs are able to move as individual cells or as multicell clumps. During circulation, only a small number of CTCs extravagate and seed the growth of a secondary tumor.[@b8-ijn-14-4187] Therefore, detection and characterization of CTCs with liquid biopsy offer important information on prediction of cancer progression and survival after specific treatment.[@b9-ijn-14-4187] The number of detected CTCs usually correlates with the progression of cancer disease, so that a high number of CTCs give some indication of tumor burden and recurrence.[@b10-ijn-14-4187]--[@b12-ijn-14-4187] Furthermore, enumeration of CTCs represents an attractive biomarker for monitoring therapeutic response and predicting the possibility of tumor recurrence.[@b3-ijn-14-4187] Cultures of patient-derived CTCs can be most helpful for drug-resistance detection, and make it possible for personalized anticancer-agent screening ([Figure 2](#f2-ijn-14-4187){ref-type="fig"}).[@b10-ijn-14-4187],[@b13-ijn-14-4187]

The detection of CTCs has been clinically recognized in many cancer types, including breast,[@b14-ijn-14-4187] colon,[@b15-ijn-14-4187] lung,[@b16-ijn-14-4187] melanoma,[@b2-ijn-14-4187] ovarian,[@b17-ijn-14-4187] and prostate cancers.[@b18-ijn-14-4187] Determination of the existence of CTCs in blood samples of patients during early stages of tumorigenesis is a significant biomarker for early cancer detection.[@b19-ijn-14-4187] However, because CTCs are very rare, their capture and detection are extremely challenging. Early-stage cancer patients have as few as one CTC in 1 mL blood, including approximately 5 billion red blood cells and 10 million white blood cells.[@b20-ijn-14-4187],[@b21-ijn-14-4187] A further challenge is the heterogeneity of the circulating-cell population and their biological and molecular changes during the epithelial--mesenchymal transition (EMT).[@b22-ijn-14-4187] Therefore, efficient isolation of CTCs also requires the ability to handle a very small number of cells.

Since the discovery of CTCs in 1869 by the Australian researcher Thomas Ashworth, a variety of important advancements in this area have been made only during the last two decades.[@b23-ijn-14-4187] A large number of isolation and detection techniques have been developed, and more than 100 companies are providing CTC-related products and services.[@b24-ijn-14-4187] As also illustrated in [Figure 1](#f1-ijn-14-4187){ref-type="fig"}, querying the WHO International Clinical Trials Registry Platform using the search criteria "circulating tumor cells" AND "\*nano\*" reveals that about 200 clinical trials have been registered over the last 13 years. The increase in the number of clinical trials mirrors the rising number of CTC/nanorelated publications and thus the growing scientific interest in this research area.

During the past several decades, a variety of advanced nanoscale materials, including metal, metal oxide, semiconductor, and polymeric NMs, have been developed and used in a wide range of areas, such as medicine, electronics, catalysis, and energy conversion and storage.[@b20-ijn-14-4187] NMs have made excellent contributions to clinical medicine, since they possess attractive properties related to their size, shape, and surface characteristics.[@b25-ijn-14-4187] Due to nanoscale effects, these exceptional structural and functional properties of NMs are typically different from either bulk materials or discrete molecules. In recent years, NMs have played an increasingly important role in CTC enrichment and detection. NMs offer a fundamental advantage for early CTC detection, obvious diagnosis, and personalized treatment of malignant tumors.[@b26-ijn-14-4187] Conjugation of NMs with targeting ligands could significantly improve the specificity in CTC recognition. NMs can also be used as drug-delivery systems for CTC-targeted drugs and cancer treatment.[@b27-ijn-14-4187] Furthermore, the large surface:volume ratio of NMs endows them with high cellular binding affinity in the complex blood matrix. Manipulation of NMs gives them the ability of multiplexed detection and targeting, which are crucial to approach the heterogeneous problem of CTCs.[@b20-ijn-14-4187]

In this review, we elucidate the relationship between CTCs and tumor metastasis. An overview of current CTC-enrichment strategies is also provided. We discuss the interactions of nanoparticles (NPs) with such biomolecules as proteins in biological media, and what consequences this may have on detection and isolation strategies. Literature on in vitro NP-based CTC-enrichment systems that has drawn extensive attention due to their clinical potential is also elaborated in this review. We also lay emphasis on micro-fluidic and lab-on-a-chip technologies for simultaneous CTC enrichment and analysis. Some CTC-detection and -analysis methods are briefly discussed as a guide for the development of potential clinical diagnostic platforms. Last but not least, we summarize research progress in the development of robust nanosystems for CTC-targeted cancer therapy.

CTCs and metastasis
===================

As mentioned, cancer cells that detach from primary tumors followed by intravasation into the circulating system are often called circulating tumor stem cells, due to their stem-like properties.[@b28-ijn-14-4187] During early steps of the metastatic cascade, CTCs are involved in the process of EMT.[@b29-ijn-14-4187] This process is responsible for weakening cell--cell adhesion by downregulation of various cell adhesion molecules (eg, E-cadherin) or epithelial antigens (eg, epithelial cell adhesion molecule \[EpCAM\]). Due to specific signaling molecules (Wnt/β-catenin, FGF, or TGF*β1*/BMP), EMT initiates the migration for transfer of epithelial-like cells into mesenchymal-like cells.[@b30-ijn-14-4187] These characteristics of EMT lead to the detachment of CTCs from primary tumors, infiltration of the blood circulation, and arrival at distant sites of future metastasis ([Figure 3](#f3-ijn-14-4187){ref-type="fig"}).[@b7-ijn-14-4187],[@b31-ijn-14-4187] At distant sites, metastatic colonization is regulated by interactions of CTCs with the local microenvironment. The new microenvironment leads to adaptation processes of the CTCs via a large number of developmental and self-renewal signaling pathways, such as Hh, Wnt, and Notch, initiating proliferation and finally seeding to form metastases.[@b32-ijn-14-4187] To resettle in the target organ, CTCs need to recover their epithelial characteristic, a process known as mesenchymal-to-epithelial transition, the reverse process of EMT.[@b33-ijn-14-4187] The EMT process is necessary for the initiation of a stem-cell phenotype that exhibits such characteristics as self-renewal ability, high invasiveness, and resistance to apoptosis and therapy.[@b34-ijn-14-4187],[@b35-ijn-14-4187] Some of these characteristics developed during the metastasizing process are used as biomarkers for detection and isolation of CTCs, as discussed in the following section.

Biological characteristics of CTCs as biomarkers for detection and isolation
============================================================================

Effective capture and accurate identification of CTCs require a high level of sensitivity, as well as specificity, due to the extreme rarity and heterogeneous phenotypes of CTCs in the blood system. Some unique properties of CTCs can be employed to distinguish CTCs from surrounding normal hematologic cells and also for their enrichment and detection.[@b27-ijn-14-4187] Current CTC-enrichment methods are based on either physical properties (size, density, deformability, and electrical charge) or biological features (cell-surface protein expression, invasive capacity, and viability).[@b36-ijn-14-4187] Commonly used isolation methods based on physical properties include density-gradient centrifugation, membrane filtration, and microchip-based capture platforms. These methods are less specific, although they are fast, simple, and label-free. Therefore, "physical methods" are usually used in combination with the antibody-labeled biological method. Examples of biological characteristic--dependent isolation methods include immunomagnetic separation and substrate- and microchip-based capture platforms.[@b20-ijn-14-4187]

For most biological detection methods, specific cancer biomarkers are indispensable. Cancer biomarkers are the measurable molecular changes between normal and cancerous tissue of patients. Each cancer type has specific molecular characteristics and pathological evolution. As such, the identification of these biomarkers is important for further applications in CTC capture and isolation.[@b37-ijn-14-4187],[@b38-ijn-14-4187] For example, CTCs are commonly described to express EpCAM, cytokera-tins, and to be nucleated (identified by staining with a nuclear dye, such as DAPI), but do not express the white blood--cell surface marker CD45. The use of HER2, vimentin, ALDH1, and CD44 is also common for CTC-specific detection.[@b39-ijn-14-4187]--[@b42-ijn-14-4187] To sum up, it can be stated that a variety of epithelial-, mesenchymal-, and stem-cell markers can be applied for positive results in CTC-specific detection. Some examples of these key biomarkers are listed in [Table 1](#t1-ijn-14-4187){ref-type="table"}. In addition, "negative markers" can be used for CTC detection in order to determine and eliminate debatable cells. These markers include, eg, white blood--cell marker CD45, platelet marker CD61, and apoptosis marker M30.[@b39-ijn-14-4187]--[@b42-ijn-14-4187]

Detection and isolation methods with nanomaterials
==================================================

NMs can largely improve the efficiency and sensitivity of CTC enrichment, isolation, and detection. The unique properties of NMs can be used to accelerate detection and overcome some limitations in CTC detection.[@b27-ijn-14-4187] For safe application of NMs as a diagnostic device in cancer therapy, it is necessary to have a detailed understanding of interactions of NPs with cells, tissue, and organisms.[@b43-ijn-14-4187]

Nanoparticle-based CTC-detection and -isolation systems
-------------------------------------------------------

Extensive information about the behavioral and physicochemical properties of NMs that are engineered in technically stable environments, such as technical products, is needed to understand their changes in complex physiological or natural environments.[@b1-ijn-14-4187] Due to a high surface:volume ratio, NPs are quite likely to interact with (bio)molecules upon contact with biological and abiotic environments. This interaction leads to the formation of the so-called (bio) molecular corona. This (bio)molecular corona is formed spontaneously like an adsorption layer on the NP surface in complex biological environments, including simple and higher organisms. The interaction of NPs with organisms and control of their physiological responses are mediated by the adsorption layer, rather than the NP surface. Also, biomolecular adsorption can be affected by different properties of NPs, including shape, size, composition, surface charge, and surface functionalization.[@b44-ijn-14-4187]--[@b47-ijn-14-4187]

Protein absorption to NP surfaces was postulated in the pioneering work by Vroman, and thus is known as the "Vroman effect".[@b48-ijn-14-4187] This effect describes a dynamic change in protein-corona composition by adsorption and desorption. Consequently, in a complex biofluid like blood, which contains thousands of different proteins, abundant proteins are expected to desorb from the NP surface and be replaced by rare ones with higher affinity, leading to a relatively constant level of adsorbed proteins.[@b47-ijn-14-4187],[@b49-ijn-14-4187],[@b50-ijn-14-4187] The term "protein corona" was introduced to the NP community in 2007 by Cedervall et al.[@b49-ijn-14-4187] Subsequently, the loosely defined term "hard protein corona" was described as a strongly bound layer of biomolecules, representing an analytically approachable protein/biomolecule signature of NPs in a determined environment.[@b1-ijn-14-4187],[@b44-ijn-14-4187],[@b50-ijn-14-4187] Some models further indicate the presence of a "soft protein corona" around the "hard protein corona", consisting of loosely associated, rapidly exchanging, and highly complex biomolecule layers without direct contact with the NPs.[@b1-ijn-14-4187],[@b44-ijn-14-4187],[@b49-ijn-14-4187],[@b51-ijn-14-4187],[@b52-ijn-14-4187] Nevertheless, since it is determined that this "soft protein corona" (also called "soft corona cloud") desorbs during purification processes, its presence, analytical dissection, and important effects at the nano--bio interface are fully affirmed. These terms do not describe all types of coronas. Furthermore, unspecific ligand--receptor interactions have hardly been discussed in the context of biology or medicine, and no differences between "soft" and "hard" ligand--receptor interactions have been made. Current literature reveals that the term "soft" versus "hard" corona does not discriminate the corona types well enough to resolve the scientific questions. This is the reason it is recommended to term analytically approachable NP--protein complexes as "protein coronas".[@b1-ijn-14-4187]

### Magnetic nanoparticles and nanoclusters

One of the leading methods for CTC isolation is magnetic separation using magnetic NPs (MNPs; [Figure 4](#f4-ijn-14-4187){ref-type="fig"}). These MNPs bind to cells in vitro or in vivo and can be separated in the presence of an external magnetic field. Magnetic NMs are related to dispersed MNPs or MNP clusters that are assembled in an organic or inorganic matrix.[@b20-ijn-14-4187],[@b21-ijn-14-4187] The most commonly used MNPs include iron, cobalt, chromium, and their oxides exhibiting a magnetic moment after application of an external magnetic field.[@b53-ijn-14-4187] Iron oxide MNPs, such as magnetite (Fe~3~O~4~) NPs, are chemically stable and biocompatible.[@b54-ijn-14-4187] Depending on the particle shape and size, the magnetic response of iron oxide MNPs can be ferromagnetic or superparamagnetic. Whereas ferromagnetic NPs have remnant magnetization after removal of the external magnetic field, superparamagnetic NPs lack this characteristic, because of thermal fluctuations.[@b20-ijn-14-4187] Moreover, ferromagnetic NPs cannot be used for cell isolation, due to their poor stability, leading to aggregation in aqueous media. Consequently, only superparamagnetic NPs (SMNPs) or clusters thereof are suitable for cell isolation. SMNPs usually need suitable surface functionalization, because they also tend to get agglomerated in aqueous media.[@b21-ijn-14-4187],[@b55-ijn-14-4187] The surface of SMNPs is often modified by coating or grafting with surfactants, polymers, polyethylene glycol (PEG), polypeptides, or hydrophilic inorganic materials (silica and gold).[@b21-ijn-14-4187]

Ding et al described an efficient magnetic capture and sensitive fluorescent labeling of CTCs based on near-infrared fluorescence Ag~2~S nanodot-based signal amplification combing with immunomagnetic spheres.[@b56-ijn-14-4187] In addition, anti-EpCAM antibody labeling with magnetic nanospheres allows high capture efficiency of rare CTCs in whole-blood samples.[@b56-ijn-14-4187]

Another method for CTC enrichment and isolation, so-called micro--nuclear magnetic resonance, allows fast and highly sensitive biomarker detection. Cells labeled with immunospecific SMNPs are detected with the help of magnetic resonance technology. The immunospecific SMNPs used are generally a few nanometers smaller than the beads, which are typically used for immunoseparation. The signal detection is based on magnetic interactions such that micro--nuclear magnetic resonance can be conducted with minimal sample-purification steps. This results in a simple assay procedure and reduced cell loss.[@b57-ijn-14-4187],[@b58-ijn-14-4187]

The gold standard in CTC isolation is the US Food and Drug Administration (FDA)-approved CellSearch system, which enriches CTCs using 120--200 nm iron NPs (ferrofluid) linked with anti-EpCAM antibodies[@b59-ijn-14-4187] ([Figure 4A](#f4-ijn-14-4187){ref-type="fig"}). It is a fact that the magnetic force is proportional to the number of bound NPs.[@b60-ijn-14-4187] For this reason, cells bound to NPs are isolated more quickly than free NPs in a solution under the same external permanent magnet field, and thus cells can be selectively enriched. However, the CellSearch system is primarily designed for enumeration of CTCs with an epithelial origin expressing EpCAM and keratin. The workflow includes two instruments performing separate steps. While AutoPrep is executing CTC capture and immunostaining, the CellTracks analyzer evaluates the immunofluorescence-stained cells with semiautomated fluorescence microscopy. The specificity of sensitively captured and selected cells can be further increased by immunofluorescence staining with antikeratin and anti-CD45 antibodies. CD45-positive immunostaining determines captured cells as leukocytes.[@b53-ijn-14-4187],[@b61-ijn-14-4187]

On one hand, CellSearch represents a thorough, clinically validated method for CTC isolation, but on the other hand it has several limitations, due to its dependence on EpCAM expression. As such, only a very small proportion of CTCs in the blood sample of a patient can be detected in a limited interval. The process of EMT and accompanying downregulation of epithelial markers like EpCAM have already been discussed.[@b53-ijn-14-4187]

A comparable method for CTC isolation making use of magnetic enrichment is the AdnaTest (AdnaGen, Langenhagen, Germany). By using a mixture of magnetic microbeads, such as the superparamagnetic Dynabeads, AdnaTest allows the immunomagnetic enrichment of CTCs via epithelial and tumor-specific antigens ([Figure 4B](#f4-ijn-14-4187){ref-type="fig"}). Here, antibodies against EpCAM and tumor-associated antigens are simultaneously conjugated to magnetic beads for labeling of CTCs in peripheral blood. Afterward, labeled cells are lysed and mRNA extracted from captured cells and transcribed into cDNA. Subsequently, multiplex PCR is employed to analyze CTC gene expression.[@b62-ijn-14-4187],[@b63-ijn-14-4187] Compared to CellSearch, AdnaTest exhibits improved enrichment efficiency, due to the usage of two antibodies and the size of magnetic particles.

Another variation of the described magnetic isolation method is magnetically activated cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany). This differs from CellSearch and AdnaTest in using superparamagnetic Fe NPs combined with a magnetized steel-wool column. By removing the column from the external magnetic field, cells can be eluted from the column ([Figure 4C](#f4-ijn-14-4187){ref-type="fig"}). The advantage of this technique is the combined usage of magnetic beads coupled with various antibodies and the possibility to label cells with fluorescent antibodies. Thereby, it is possible to achieve direct enrichment and evaluation of captured cells without further detaching or staining procedures.[@b64-ijn-14-4187]

All the aforementioned methods represent positive selection strategies for the specific isolation of CTCs from a bulk of other cells. The major limitation of positive CTC selection is that cells that do not express the targeted markers will not be captured. The use of negative-depletion strategies with magnetic beads is a possible solution to overcome this hurdle. For negative depletion, a two-step procedure has been suggested comprising lysis of red blood cells and removing white blood cells by labeling with CD45-specific MNPs. Yang et al demonstrated that this method reduced the number of blood cells in a blood sample by two orders of magnitude.[@b65-ijn-14-4187] In fact, for blood samples spiked with cancer cells, a recovery rate of about 83% was accomplished. In summary, it remains a great challenge to capture CTCs efficiently, reduce the great number of normal blood cells in a sample, and protect rare CTCs from damage during lysis and different washing steps.[@b21-ijn-14-4187]

### Gold nanoparticles

Another extensively used NP type for improving the efficiency of CTC enrichment and capture is gold NPs (Au NPs) with enhanced light-absorption and -scattering properties. Binding between Au NPs and CTCs can be monitored quantitatively via photoacoustic signals or surface plasmon resonance (SPR) shifts.[@b53-ijn-14-4187],[@b66-ijn-14-4187],[@b67-ijn-14-4187] Researchers have synthesized a variety of different Au NPs, including gold nanospheres, nanorods, and nanoshells, that can be incorporated with targeting moieties, imaging or therapeutic agents, and other functionalities.[@b53-ijn-14-4187],[@b68-ijn-14-4187]

Over the last two decades, the advances in synthetic techniques of NP production have enabled the preparation of Au NPs with a well-controlled size distribution from 2 nm to \>100 nm. Au NPs display an SPR peak in the visible range of 510--550 nm, depending on particle size. An increase in particle size of Au NPs leads to a red shift in the SPR peak, and the width of the absorption band correlates closely with the size distribution of NPs.[@b66-ijn-14-4187],[@b69-ijn-14-4187] The SPR band of gold nanorods splits into two modes: one longitudinal at 520--550 nm and the other transverse vertical to the long axis at 720--750 nm.[@b53-ijn-14-4187] Due to this unique SPR splitting, gold nanorods have been widely employed for CTC detection using techniques like photoacoustic imaging.[@b70-ijn-14-4187] The SPR peak of gold nanoshells can be tuned in the range from visible to the near-infrared region by changing the ratio of the core size to its shell thickness. Generally, they have an SPR band of 850--900 nm.[@b53-ijn-14-4187],[@b66-ijn-14-4187]

Au NPs can be utilized for in vivo imaging and ex vivo diagnostic sensors, due to their sensitivity, throughput, and flexibility. One example of in vivo application is CTC targeting by injection of Au NPs in the bloodstream. This allows real-time in situ monitoring of CTCs without blood sampling, sample preparation, or the following CTC-isolation steps. Furthermore, this application enables the phagocytic clearance of CTCs upon binding.[@b21-ijn-14-4187],[@b53-ijn-14-4187] The efficiency of these CTC-targeted Au NPs depends on their ability to overcome the high shear stress of blood circulation, escape the immunoresponse, and avoid unfavorable accumulation in organs. Due to the existence of target antigens/markers on normal cells, aspecific binding of NPs, and a high signal:background ratio, this method will produce some false-positive results.[@b71-ijn-14-4187] PEGylation of Au NPs is a commonly used strategy to overcome some of these issues, resulting in extended circulation time and decrease in aspecific binding.[@b72-ijn-14-4187],[@b73-ijn-14-4187]

Photoacoustic imaging using Au NPs as contrast agent is an applicable in vivo technique for the detection of CTCs. This method utilizes acoustic waves generated by a laser, and detects acoustic vibrations resulting from the NP absorption of laser energy in blood vessels.[@b70-ijn-14-4187],[@b74-ijn-14-4187],[@b75-ijn-14-4187] At SPR wavelength, Au NPs show a higher extinction coefficient compared to conventional organic dyes. Furthermore, the absorbed energy of Au NPs can be released rapidly by efficient heat conversion. Afterward, the efficient photothermal conversion can also be translated into highly efficient acoustic waves via the thermoelastic mechanism.[@b75-ijn-14-4187] In view of all these properties, this technique is quite suitable for monitoring physiological reactions of tumors, as well as enumeration and circulation of CTCs.

Zhang et al demonstrated research on spectra of blood cells, several tumor cells, immortalized cells, and clinical sample cells using silver film--substrate surface-enhanced Raman scattering (SERS).[@b76-ijn-14-4187] Raman spectroscopy is a commonly used unique vibrational spectroscopic technique that is able to measure inelastic light-scattering processes to provide fingerprint molecular identification information of cancer patients' blood cells and tissue. These cells display great differences in characteristic nucleic acid peaks. Clinical cancer-cell results display characteristic nucleic acid peaks with greater enhancement in comparison to red or white blood cells, which have almost none or only a slightly increased SERS signal. This study demonstrated a method for detection of CTCs with label-free SERS spectra by identifying blood cells and some kinds of tumor cells. These cells need a defined amount of DNA to be differentiated from white blood cells, which represents a disadvantage of this method.[@b76-ijn-14-4187]

An ex vivo application of Au NPs for direct binding and separation of CTCs from patient blood is modification of Au NPs with CTC-specific ligands.[@b77-ijn-14-4187] This ex vivo CTC-detection method exhibits two advantages: first, it protects patients from the potential toxicity of labeled NMs for CTC capture, and second, it enables cultivation and analysis of the isolated cells. Au NPs can also be immobilized on a nanostructured surface (eg, an Au NP--modified chip) to allow binding of CTCs and label-free enumeration. Park et al described a strategy to isolate and release cancer cells from whole blood using a thiolated ligand-exchange reaction with Au NPs on a herringbone chip (NP--HBCTC chip). In comparison to antibodies coupled on flat silicon oxide surfaces, antibody-coated NPs that were chemically and directly assembled onto the HBCTC chip have several advantages: improvement of specific interaction of cancer cells with antibodies by increasing the available surface area, possibility for disruption of the metal--thiol interaction, resulting in the release of cancer cells from the surface, released cancer cells can be used for ex vivo cell culture and further molecular analysis, and the chemically self-assembled monolayers allow optimization of this method for application in complex surface topography without additional changes in the process.[@b21-ijn-14-4187],[@b78-ijn-14-4187]

Fluorescence detection with quantum dots
========================================

Besides enrichment and capture of CTCs, there are some methods specialized for the detection and analysis of these rare cells by cytometry or nucleic acid--based approaches. Cytometry allows an analysis of cells based on protein expression. Examples of this type of method are immunohistochemical staining, flow cytometry, and spectroscopic detection. The advantage of cytometry methods is the possibility to analyze detected cells further if cell lysis is not necessary for former procedures and to examine cell morphology if cells are reported microscopically. Nucleic acid--based methods assess tumor-specific genetic alterations by analyzing whole cells or extracted RNA or DNA by PCR, reverse-transcription PCR, and whole-genome amplification. Due to interference caused by the expression of normal cell markers, nucleic acid--based methods usually have low specificity, but high sensitivity.[@b20-ijn-14-4187],[@b79-ijn-14-4187]

One of the leading techniques for CTC detection and analysis is the fluorescence-detection method. Organic dyes are usually used as imaging agents, although their use is limited by photobleaching (allows continuous dynamic imaging over minutes to hours), spectral overlap, low signal intensity, and the necessity of multiple light sources to excite different fluorophores in multiplex detection.[@b20-ijn-14-4187],[@b80-ijn-14-4187]

Quantum dots (QDs) are an example of NPs with inherent fluorescence that have been widely used for CTC detection with high quantum profit and tunable emission wavelengths. QDs display longer fluorescence lifetimes compared with organic fluorophores, which is important to enhance the sensitivity of surface marker--dependent CTC capture.[@b54-ijn-14-4187] Emission wavelengths of QDs can be tuned for a range of imaging applications, particularly in multicolor labeling, for simultaneous detection of multiple targets. QDs with different emission wavelengths but the same excitation wavelengths are applied for capture of heterogeneous CTCs.[@b81-ijn-14-4187] Additionally, QDs can be used for CTC detection through monitoring of extracted nucleic acids. Zhang et al developed a microfluidic bead--based nucleic acid sensor that depended on multienzyme--NP amplification and QD labeling. The simple concept of this sensor quantified targeted DNA by measuring fluorescence-signal intensity from QDs.[@b82-ijn-14-4187] Moreover, the solubility of QDs can be improved by surface functionalization with polymeric ligands or a layer of hydrophilic inorganic materials. Both QD functionalizations can be accomplished by ligand exchange or additional coating.[@b83-ijn-14-4187] Surface-functionalized QDs have been employed in various analysis methods, such as fluorescence resonance energy transfer--based cellular labeling[@b84-ijn-14-4187] and CTC detection.[@b21-ijn-14-4187] Due to their strong and stable fluorescence, QD-based ex vivo CTC detection is highly relevant for clinical applications. However, the use of QDs for in vivo CTC detection provokes heavy-metal toxicity.[@b77-ijn-14-4187]

Magnetic--optical bifunctional nanoparticles
============================================

Magnetic--optical bifunctional NPs are composed of MNPs and optical components, such as fluorescence dyes, QDs, or X-ray contrast agents. Fluorescent--magnetic bifunctional NPs have been used especially for multimodal imaging. It has been shown that fluorescent MNPs can be used for isolation and detection of multiple types of tumors simultaneously.[@b53-ijn-14-4187],[@b85-ijn-14-4187]--[@b87-ijn-14-4187]

Song et al demonstrated the targeting of leukemia Jurkat T cells and prostate LNCaP cells by labeling anti-CD3-and anti-PSMA-conjugated MNPs with red- and yellow-fluorescence dyes.[@b87-ijn-14-4187] The Jurkat and LNCaP cells were detected and distinguished using a magnet and fluorescence microscopy. This MNP-based system has the potential to be used as an ex vivo CTC-capture platform for CTC enrichment by exposure to magnetic force (eg, CellSearch). The combination of other materials with MNPs can lead to increased capture efficiency and more obvious CTC identification and differentiation using multimodal imaging.[@b53-ijn-14-4187]

Kim et al developed a one-step detection method of CTCs in ovarian cancer by using a combination of silica (SiO~2~) MNPs with incorporated organic dyes (rhodamine B isothiocyanate \[RITC\]) in the silica shell and conjugated cell surface--associated MUC1 on its surface. An MUC1-positive human ovarian cancer cell line and a negative human embryonic kidney cell line were used to study the specific targeting efficiency of MUC1-SiO~2~ MNPs (RITC). Based on flow cytometry, this detection technology was capable of detecting 100 cells of ovarian cancer origin in 50 µL whole blood.[@b88-ijn-14-4187] Fluorescent SiO~2~ NPs can also be conjugated to an aptamer for CTC detection. One detection method of leukemia cells using aptamer-modified fluorescent SiO~2~ NPs was presented by Tan et al.[@b89-ijn-14-4187] Due to selection of specific aptamers, this method could be adaptable to other types of cancer. Additionally, aptamer--NP conjugation can be advanced for drug-delivery applications.[@b89-ijn-14-4187]

Graphene and graphene oxides
============================

Graphene is an atomically thick, two-dimensional sheet of sp[@b2-ijn-14-4187]-hybridized carbon that is ordered in a honeycomb structure. Additionally, it is the basic building block for graphitic materials of other dimensionalities, such as graphite and carbon nanotubes (CNTs). Graphene has specific chemical and physical properties, such as high surface area, good mechanical strength, high intrinsic mobility, and great thermal conductivity with optical transmittance and electrical conductivity.[@b53-ijn-14-4187],[@b90-ijn-14-4187],[@b91-ijn-14-4187] Charge transfer between adsorbed molecules and graphene induces their chemical response. Due to the excellent electromagnetic detection of small biomolecules, graphene and graphene oxide (GO) have been applied for electrical CTC detection.[@b92-ijn-14-4187] GO can be functionalized through PEG-based chemistry, and GO size is controllable by sonication time and filtration.[@b93-ijn-14-4187],[@b94-ijn-14-4187] Moreover, one of the most important properties of GO for biological and medical research is improvement in imaging by taking advantage of optical transparency.[@b95-ijn-14-4187]

Wu et al presented GO as a starting point for the electrical capture, detection, and fluorescence imaging of CTCs.[@b96-ijn-14-4187] After treatment of a glassy carbon electrode with chitosan, GO was deposited and reduced. Anti-EpCAM was conjugated to the surface by a cross-linker glutaraldehyde for cell capture. The combination of anti-EpCAM and a marker for hepatocellular carcinoma, anti-GPC3, was conjugated to SiO~2~ NPs modified with ZnSe and incubated with the captured cells. Enumeration of captured cells was performed by square-wave voltammetry measurements, as well as fluorescence imaging. For proof of principle, cells were detected at concentrations as low as five cells/mL using spiked hepatocellular carcinoma cells. Further experiments with spiked cells in blood and clinical samples were not performed.

Furthermore, a novel biosensor with GO NPs for detection of breast cancer biomarkers was developed by Myung et al.[@b97-ijn-14-4187] As shown by transmission electron microscopy, amine-terminated SiO~2~ NPs were coated with negatively charged GO. These GO-coated NPs were self-organized on the surface of functionalized oxide substrate with a metal electrode. Reduction of GO to graphene induced electrical conductivity enabling the detection of HER2, a marker for breast cancer, by measuring the relative conductance change.

Further research by Yoon et al led to the application of GO chips for sensitive CTC capture.[@b92-ijn-14-4187] GO nanosheets were self-assembled on a gold-patterned silicon surface via a positively charged intercalating agent and functionalized with PEG.[@b98-ijn-14-4187] Anti-EpCAM antibody was used to functionalize the substrate by utilizing cross-linker and biotin--avidin linker chemistry. Different cancer cell lines (MCF7, Hs578T, PC3) were spiked into buffer or blood and flowed through the GO chip. Subsequently, captured cells were cultivated on the gold-patterned surface with GO sheets, which was highly beneficial, due to the virtually two-dimensional capture surface. Blood samples from patients with breast, pancreatic, and early lung cancer were processed using these devices with a capture result of two to 23 CTCs/mL. The cultivation of captured CTCs opens the possibility for further applications and analysis.[@b92-ijn-14-4187]

Tian et al developed an ultrasensitive electrochemical detection method based on a composition of reduced GO--Au NPs as a support material with copper(II) oxide (CuO) nanozymes.[@b99-ijn-14-4187] CTCs of a breast cancer cell line (MCF7) were detected by recognition between MUC1 on the cancer-cell membrane and MUC1 aptamer on an electrochemical cyto-sensor. CuO nanozymes functioned as a catalyst and were used as a signal-amplifying nanoprobe. Due to the specific composition of MUC1 and MUC1 aptamer, the cytosensor detected CTCs easily in a wide range of 50--7,000 cells/mL with a very low detection limit.[@b99-ijn-14-4187]

Dual enrichment and detection
=============================

As mentioned, the efficiency of CTC capture can be effectively improved by using combinations of isolation materials or conjugated multiple antibodies. The exact analysis of in situ expression of different surface biomarkers may be limited by using multiple antibodies for CTC capture, because a lot of biomarkers used for CTC capture are also important for CTC characterization. For each cancer subtype, only a limited number of surface proteins applicable as biomarkers are known. Additionally, the extremely rare nature of CTCs is another limitation factor.

Lee et al developed hybrid NPs to offer the possibility to perform in situ expression analysis and positive selection of biomarker-expressing cells by targeting the same marker using a single compound.[@b100-ijn-14-4187] The hybrid NPs consisted of three parts: antibodies that bound to specific proteins on CTCs, QDs that emitted fluorescence signals, and biotinylated DNA, which allowed capture of the CTC--hybrid NP complex to a chip. The DNA linker was cleaved off by restriction enzymes after cell capture to recover CTCs from the chip.[@b100-ijn-14-4187],[@b101-ijn-14-4187]

In this study, the authors used three breast cancer cell lines (MCF7, SKBR3, and MDA-MB-231) for the evaluation of hybrid NPs. Each hybrid NP exhibited an exposed biotin arm binding to streptavidin-coated pillars in the "capture-and-recovery chip". Thereby, capture efficiency depended on the density of biotin in hybrid NP--bound cells. To determine capture efficiency, breast cancer cells were spiked into blood samples that were incubated with hybrid NPs. Afterward, the cell suspension was flowed through the capture-and-recovery chip, and captured cells were screened based on cell morphology and immunofluorescence staining. Captured cells were released from the chip by treatment with restriction enzymes and transported to the recovery chamber by microfluidic flow. To increase CTC-capture efficiency, different antibodies -- EpCAM, EGFR, and HER2 -- were used simultaneously. This allowed the isolation of CTCs that had undergone EMT and thus lacked or only weakly expressed EpCAM. With three different hybrid NPs, one for each of three proteins, CTC-capture efficiency of about 88% was achieved. This result included about 90% of isolated breast cancer cells (MDA-MB-231), which are EpCAM-negative cells, that were captured. Additionally, the captured cells were simultaneously identified by their in situ protein expression, with an identification accuracy of about 92%. To sum up, this method succeeded in simultaneous capture, enumeration, and identification of CTCs based on in situ protein expression.[@b100-ijn-14-4187]

Carbon nanotubes
================

CNTs have been used in advanced research applications because of their remarkable electrical, mechanical, and physicochemical properties. CNTs are graphitic hollow filaments of alterable lengths that can reach several hundred micrometers. Two types of CNT are known: single-walled (SWCNTs) and multiwalled (MWCNTs). SWCNTs comprise a single cylindrical sheet of graphene, and MWCNTs comprise several concentric, coaxial, rolled-up graphene sheets. The size of CNTs differs, with a diameter typically ranging 0.4--3 nm for SWCNTs and 2--200 nm for MWCNTs.[@b102-ijn-14-4187] CNTs also include carbon nanofibers, which defend a less perfect graphenesheet arrangement featuring layers of graphene nanocones. These nanocones are also called "cups" and usually denote stacked-cup CNTs, which consist of strong flexible filaments of 70--200 nm in diameter and 10--100 µm in length.[@b103-ijn-14-4187] Chemical vapor deposition is the most used method for CNT synthesis.[@b102-ijn-14-4187],[@b104-ijn-14-4187] CNTs behave as a metal or semiconductor, depending on their diameter and helicity. Possible variants of the conductance of CNTs can be induced by mechanical deformations or chemical binding, which can be detected by electron-current signals. All properties of CNTs mentioned make them suitable chemical and biological sensors.[@b20-ijn-14-4187]

Shao et al developed an application of CNTs for electric detection of cancer cells in blood with an SWCNT field-effect transistor array device.[@b105-ijn-14-4187] This device comprised 20 pairs of electrodes with a single CNT between each pair. Additionally, the CNTs were functionalized with antibodies to recognize breast cancer cells. The binding of cancer cells to the CNTs resulted in a 60% decrease in conductivity. This assay contains a sensing area that was able to detect potential CTCs with low protein expression. Another advantage of this system is that enrichment steps are no longer needed, with the result that cancer cells can be directly tested. Nevertheless, this assay also has some challenges, like a very small volume of analyzed patient blood (\<10 µL), bearing the risk of missing CTCs. There is also the possibility of CTC-counting difficulties, because the signal is determined by a single cell reaching the space between the electrodes.

Another example of using the electrical properties of CNTs for detection of CTCs from whole-blood samples was demonstrated in a recent study by Liu et al.[@b106-ijn-14-4187] The researchers developed a sensitive CNT-based biosensor for direct detection of CTCs in whole blood using the good conductivity of MWCNTs. This biosensing method is based on binding of anti-EpCAM antibodies to cancer cells, resulting in increased electron-transfer resistance. The detection of cells was limited to five cells per mL of blood, and an electrical response was observed that was proportional to the concentration of liver cancer cells.[@b54-ijn-14-4187],[@b106-ijn-14-4187]

Microfabricated filters
=======================

Since the majority of blood cells are smaller than CTCs, membrane-microfilter devices are a suitable tool for separation of CTCs from whole-blood samples by cell-size exclusion.[@b12-ijn-14-4187],[@b42-ijn-14-4187],[@b107-ijn-14-4187],[@b108-ijn-14-4187] Whereas CTCs can vary in size and shape, typical dimensions of blood cells are 5--9 µm for erythrocytes, 10--15 µm for granulocytes, 7--18 µm for lymphocytes, and 12--20 µm for monocytes.[@b108-ijn-14-4187] The size-exclusion approach makes use of a parylene-based membrane-microfilter device comprised two parylene-membrane layers and a photolithography-defined gap to minimize stress. Cells isolated with this microfilter device are viable and can be used for further molecular analysis.[@b107-ijn-14-4187],[@b108-ijn-14-4187]

Zheng et al developed a parylene-based membrane-microfilter device with integrated electrodes containing 11 µm--diameter circular pores.[@b108-ijn-14-4187] The smallest distance between the pair of electrodes for each pore was 8 µm. For the experiments, a defined number of LNCaP cells (metastatic prostatic adenocarcinoma cells) were stained with hematoxylin and spiked into blood samples. This cell suspension was loaded into a syringe and dispensed to pass through the filter. The flow through was collected by the bottom syringe. Immunostaining was used to distinguish potential CTCs from other cells on the filter. The recovery rate of the membrane filters was evaluated by hemocytometry using the hematoxylin staining of LNCaP cells. To sum up, the filter design resulted in 89.0%±9.5% recovery from blood. The advantage of this technology is the possibility of label-free isolation of CTCs and sensitivity to cell-size in a blood sample. However, the size and shape of CTCs is rather heterogeneous, leading to the risk of losing CTCs that are smaller than the filter pores.[@b42-ijn-14-4187]

Microfluidics and "lab-on-a-chip" technology
============================================

In comparison to conventional methods, microfluidic lab-on-a-chip devices provide unique platforms to perform isolation and analysis of CTCs with only one chip, avoiding the imminent loss of these rare cells during the experimental steps of sorting, enumeration, and analysis.[@b126-ijn-14-4187] This technology has become mainstream in CTC enrichment and detection, due to its cost-effectiveness, miniaturization, and improvement in efficiency, since it can be integrated into other techniques.[@b13-ijn-14-4187],[@b127-ijn-14-4187] The development of the majority of current microchip platforms is based on magnetic force, affinity, size, or other physical properties.[@b128-ijn-14-4187] Two types of microfluidic devices are used for CTC detection: the immunomagnetic-based method for CTC detection (eg, CTC chip), and antibody labeling combined with physical isolation ([Figure 5](#f5-ijn-14-4187){ref-type="fig"}), which can consist of different materials like silicon, glass, or thermopolymer.

An example of microfluidic applications for CTC detection was presented by Ortega et al and based on a microfluidic immunosensor with synthesized silver NPs covered by chitosan.[@b129-ijn-14-4187] Integrated silver NPs--chitosan in the microfluidic immunosensor were functionalized with anti-EpCAM antibodies to capture EpCAM biomarkers in peripheral blood samples. Subsequently, bound EpCAM biomarker was recognized by HRP enzyme--labeled secondary antibodies that reacted with its enzymatic substrate. This enzymatic process generated a product through oxidation on the electrode surface, which resulted in a current magnitude proportional to the level of EpCAM. This microfluidic immunosensor method presents a low-cost and simple application for detection and reliable prognosis of epithelial-origin tumors in biological samples.[@b129-ijn-14-4187]

Immunomagnetic-based CTC chips
==============================

The opportunity to perform immunomagnetic separation on a microfluidic device that combines the advantages of two techniques, immunomagnetic separation and the microfluidic device, resulted in a new developmental stage in immunomagnetic separation. The capture efficiency depends on the magnetic strength and drag force under the flow condition. Cells bound to large numbers of NPs can be captured more efficiently by using both forces.[@b20-ijn-14-4187] Typically, the cell isolation in microfluidic channels is performed in the presence of a permanent magnet located under the bottom of the chip.[@b91-ijn-14-4187],[@b130-ijn-14-4187] It has been shown that \>85% of cancer cells spiked in blood can be recovered by EpCAM antibody--functionalized Fe~3~O~4~NPs at a speed of 10 mL/h using NdFeB block magnets.[@b20-ijn-14-4187],[@b130-ijn-14-4187] Separation efficiency can be improved by inverting the microchannel so that the magnet is placed on top of the channel, which results in gravity direction opposite to the magnetic field.[@b131-ijn-14-4187]

Miniaturized microfluidic technology, called micro-Hall detection, allows fast screening of CTCs in a blood sample. Using this system, MNP-immunolabeled cells can be detected via monitoring the magnetic moments of cells in flow on a single microfluidic chip. Micro-Hall detection can selectively and sensitively detect a wide range of cellular biomarkers and can be employed for screening of multiple biomarkers on individual cells. A panel of MNPs with different magnetization properties can be utilized to label different cellular markers. By using the particles' classifiable magnetization properties, the quantity of each MNP type representing the expression level of a distinct target biomarker in a single cell can be obtained.[@b125-ijn-14-4187]

Silicon-based CTC chips
=======================

Nagrath et al described a microfluidic device called a CTC chip, which is able to isolate CTCs efficiently and reproducibly from the blood of patients with common epithelial tumors.[@b132-ijn-14-4187] This microfluidic system is composed of a CTC chip etched in silicon, a manifold to enclose the chip, and a pump producing the flow through the capture module ([Figure 5A](#f5-ijn-14-4187){ref-type="fig"}). The CTC chip contains an array of microposts that are chemically functionalized with EpCAM antibodies. There are two essential parameters that influence cell-capture efficiency: flow speed and shear force. Flow speed is important, due to its influence on the duration of cell--micropost contact, whereas shear force has to be minimized to guarantee a high cell--micropost attachment. The chip is very small (about 25×66 mm) and contains repeated patterns of equilateral triangular arrays to maximize the interactive surface for cell--micropost contact. In total, this array integrates about 78,000 microposts within a surface area of 970 mm^2^.[@b132-ijn-14-4187]

Glass/PDMS-based CTC chips
==========================

After the development of the CTC chip, Stott et al reported a modified herringbone CTC-capture chip[@b133-ijn-14-4187] ([Figure 5B](#f5-ijn-14-4187){ref-type="fig"}). This technique increases the interaction of flowing cells and anti-EpCAM-functionalized polydimethylsiloxane (PDMS) microchannels through passive mixing. PDMS, also called dimethicone, is a polymer that can be used for microfluidic chips. To disrupt streamlines and increase capture efficiency, microvortices were created and integrated with the herringbone-chip through chevron patterns on a PDMS ceiling. Due to the antibody--antigen interaction, cells tether to the chip and can be stained afterward. The transparency of these glass chips also allows clear imaging using different types of light microscopy--based techniques.[@b91-ijn-14-4187]

Shi et al engineered nanotopograhy of various dimensions and geometry on an elastomeric PDMS substrate to capture CTCs. It was suggested that cell adhesion using nanotopography could be a valuable application to isolate CTC antibody- and size-based independence. Cancer cell lines of different types, metastatic status, and surface-marker expression were used to analyze the capture performance, with efficiency up to 52%. As mentioned by Shi et al, the influence of nanotopography was less significant. However, this study contains useful information on nanotopography optimization for further improvement of CTC-capture efficiency.[@b134-ijn-14-4187]

Thermopolymer-based CTC chips
=============================

As an alternative to silicone, polymethylmethacrylate (PMMA) is also used as a substrate for microfluidic CTC capture and analysis, with the advantages of low cost and magnificent optical transparency. PMMA is suitable for fabrication techniques, such as injection molding and hot embossing. On the surface of PMMA, carboxylic acid groups can be generated by ultraviolet exposure to explore the concentration of proteins, electroless deposition, and cancer-cell capture.[@b135-ijn-14-4187] The roughness of the surface area can be increased by high-intensity light, due to the enhanced surface area for functionalization. Furthermore, at low temperatures, the thermal bonding passes through to preserve these microfeatures.[@b136-ijn-14-4187] Consequently, a high-throughput microsampling unit functionalized with anti-EpCAM antibodies was developed for capture and enumeration of CTCs with an included conductivity sensor.[@b91-ijn-14-4187]

In vivo enrichment and detection with nanomaterials
===================================================

Due to the limitation of blood-sample volume that can be obtained from patients and also handled by detection systems, ex vivo CTC-isolation techniques show relatively low sensitivity. To overcome these limitations, Saucedo-Zena et al developed a medical device for screening large blood volume in vivo. This device allows the capture of CTCs directly from the circulating bloodstream of patients. During incubation in the vein, the device is exposed to nearly 1 L of blood, leading to an enormous increase in capture efficiency. Based on the Seldinger technique,[@b137-ijn-14-4187] this device is composed of a structured and functionalized structured medical wire (FSMW). The usage of FSMW for capturing rare cells is similar to ex vivo CTC-detection technologies, and requires CTC-specific antibodies like epithelial cell markers and/or cytokeratin.[@b138-ijn-14-4187],[@b139-ijn-14-4187]

The FSMW is composed of a stainless-steel medical wire of 0.5 mm diameter and 160 mm length. The tip of the wire is functionalized and covered with a 2 µm--thick gold layer, which is fixed on the device by galvanization and covered by a 1--5 µm linear synthetic polycarboxylate layer. The hydrogel is covalently coupled with antibodies against the EpCAM protein, and can be stored in distilled water at 4°C until use.[@b138-ijn-14-4187]--[@b141-ijn-14-4187]

Before use of the device, a 20 G peripheral venous catheter has to be placed into the cubital vein of a patient to enable the insertion of the FSMW through the catheter. After incubation for 30 minutes, the FSMW is removed from the vein, and bound cells can be recovered via washing. Captured CTCs are characterized by immunocytochemical staining for cytokeratin or EpCAM. The results include the identification via staining and enumeration of the captured cells.[@b138-ijn-14-4187],[@b140-ijn-14-4187]

CTC-targeted nanomedicine
=========================

There is still no FDA-approved antimetastatic agent that can directly target tumor metastasis.[@b21-ijn-14-4187] Given the pivotal role of CTCs in tumor metastasis, therapeutic targeting and specific depletion or destruction of CTCs from blood vessels may be an intriguing strategy for prevention of tumor metastasis. With the rapid development of nanoscale-material science and the wide application of nanobiotechnology in the biomedical field, researchers have designed and developed a variety of nanosystems for targeted delivery of therapeutic agents to CTCs to destroy them efficiently and thereby inhibit tumor metastasis.

DNA-based nanodevices
---------------------

Nanosystems fabricated by DNA have been extensively employed for various biomedical applications, due to their excellent biocompatibility, accurate interactions among base pairs, programmability, and automated synthesis.[@b142-ijn-14-4187],[@b143-ijn-14-4187] Wang et al developed a novel structure-switching aptamer for CTC-triggered photosensitizer (PS) release and specific CTC inhibition.[@b144-ijn-14-4187] This nanosystem is composed of a PDMS--glass supporter and a PS-labeled hairpin switch aptamer (HAS) immobilized on the supporter. The presence of CTCs can induce the formation of a HAS structure, due to the specific interaction between the aptamer and CTCs leading to the detachment of the PS-labeled aptamer from the supporter. The PS-labeled aptamer is activated by light and produces singlet oxygen (^1^O~2~) when flowing through blood vessels, resulting in the specific killing of CTCs. Subsequently, the authors established a "sense-and-treat" DNA nanostructure immobilized on a supporter, which consisted of a HAS and a DNA tetrahedron ([Figure 6](#f6-ijn-14-4187){ref-type="fig"}).[@b142-ijn-14-4187] Doxorubicin (Dox) and a PS were coencapsulated into the DNA-tetrahedron structure, due to the latter's ability to enhance cellular internalization of anticancer agents and increase drug-loading content. The nanodevice can sense the existence of CTCs and interact with them, leading to the release of Dox and PS by the DNA tetrahedron. PS is activated after irradiation by an integrated household LED and generate toxic ^1^O~2~, resulting in synergetic destruction of CTCs with Dox. This localized drug-delivery nanosystem combines chemotherapy and photo-dynamic therapy, and enables the specific destruction of CTCs without affecting normal cells. We have reason to believe that more DNA-based nanoscale drug-delivery systems based on the sense-and-treat strategy with higher CTC-destruction capability will be designed and developed in the future.

Dendrimers
----------

Dendrimers are particularly suitable for antitumor-agent delivery, due to their high solubility, uniform size and composition, and ease of functionalization because of a high number of surface functional groups.[@b145-ijn-14-4187] Xie et al reported a novel polyamidoamine dendrimer--based nanoplatform for capturing CTCs in blood vessels and disturbing their adhesion to the vascular endothelial layer to form new micro-metastatic foci.[@b146-ijn-14-4187]--[@b149-ijn-14-4187] The surface-functionalized nanoscale dendrimers were coated with two antibodies (anti-EpCAM and -sLeX) to target surface biomarkers of human colorectal CTCs. Whereas it has been reported, that targeting of EpCAM can directly disturb the adhesion process of CTCs, the sLeX (sialyl Lewis X) antibody can indirectly interrupt the adhesion between CTCs and endothelial cells via sLeX--E-selectin (ES) interaction.[@b146-ijn-14-4187] In comparison to their single antibody--coated counterparts, dual-antibody conjugates displayed remarkably enhanced efficiency and specificity in recognizing and capturing CTCs from a large population of leukocytes or red blood cells in vitro, as well as from the blood of patients and mice in vivo. Flow cytometry analysis demonstrated that the inhibitory effect of the dual-antibody conjugates on CTCs was attributed to dose-dependent S-phase arrest. Recently, this group developed dual aptamer rings conjugated on dendrimers and thus were able to simultaneously target EpCAM and Her2 biomarkers on CTCs in the presence of millions of normal cells with excellent stability and accuracy.[@b150-ijn-14-4187] This study provides new ideas for the design of more powerful and intelligent nanomedicines allowing the prevention of tumor metastasis via suppressing CTCs and blocking their adhesion to blood vessels. Zheng et al presented a type of barcode particle consisted of spherical colloidal crystal clusters that are surrounded with dendrimer-amplified aptamer probes.[@b151-ijn-14-4187] A specific aptamer functionalization allows the particles to interact with specific CTC types, and the dendrimers used are able to amplify the effect of the aptamers. Particles with these capabilities are able to capture, detect, and release multiple types of CTCs from clinical samples.[@b151-ijn-14-4187]

Mesoporous silica nanoparticles
-------------------------------

During the past few years, mesoporous silica NPs (MSNs) with pore size of 2--50 nm have drawn considerable attention, especially for drug-delivery applications, due to their attractive properties, such as large surface area, mesoporous structure, controllable pore size, ease of surface functionalization, and good biocompatibility.[@b152-ijn-14-4187] Jia et al constructed an MSN-based nanoplatform incorporated with the abortifacient mifepristone (MIF) and functionalized with EpCAM antibody.[@b153-ijn-14-4187] This combination can specifically recognize colorectal cancer cells in vitro through EpCAM targeting, and its high biostability enables effective MIF delivery, leading to lung-metastasis inhibition in mice. Jia et al also developed novel MSN-based nanomissiles that were synthesized by encapsulating Dox into MSN pores and covalently linking EpCAM and CD44 aptamers on the surface.[@b154-ijn-14-4187] These nanomissiles can selectively and efficiently deliver Dox into CTCs and deactivate them, thereby preventing metastasis formation in vivo through the synergistic effects of Dox, EpCAM-antibody DNA aptamer, and CD44-antibody DNA aptamer by repressing cell proliferation and inhibiting cell migration. These studies expand the application of MSNs as nanoscale delivery systems from tumor-growth retardation to tumor-metastasis suppression.

Liposomes
---------

Over the last five decades of research, liposomes have shown their solid benefits as most common and well-investigated nanocarrier for clinical applications in medical industry. Liposomes are responsible for delivery of several small-molecule drugs.[@b155-ijn-14-4187] Liposomes are biomimetic NPs that are formed from a self-assembling concentric lipid bilayer and envelop an aqueous core domain.[@b156-ijn-14-4187] Due to their amphiphilic nature, phospholipids arrange in polar shells in aqueous solutions. This is a thermodynamically favorable organization, further elevated by hydrogen bonding, van der Waals forces, and electrostatic interactions.[@b155-ijn-14-4187]--[@b158-ijn-14-4187] Due to the aqueous core and lipid bilayer, liposomes are able to encapsulate hydrophilic and lipophilic molecules. There are many advantages of using liposomes in a wide range of medical applications, including their biocompatibility, atoxicity, and biodegradability. Because of the improved drug pharmacodynamics and pharmacokinetics, as well as the controllable release behavior of the loaded drugs, liposomes are used preferably in drug delivery. Rapid clearance of liposomes out of the blood by macrophages from the reticuloendothelial system can be prevented by coating the liposome surface with PEG.[@b156-ijn-14-4187],[@b159-ijn-14-4187] Subsequently, it is possible to conjugate the liposome surface with targeting molecules mediating active accumulation of liposomes in cancerous tissue. Liposomes can be loaded with NPs functioning as imaging agents, such as MNPs, QDs, and Au NPs. These NPs can be incorporated into the liposomal structure inside the aqueous core or within the lipid-bilayer membrane. Moreover, liposomes can also be functionalized by NPs conjugated on their theranostic surface. For example, liposomes containing iron oxide NPs are usually used as theranostic agents for magnetic resonance--imaging applications. Liposomes with entrapped magnetic iron oxide NPs exhibit advantageous characteristics, such as reduced phagocytic elimination (opsonization) and aggregation. In addition, encapsulation of iron oxide NPs in liposomes improves their dispersibility and increases blood-circulation time. Again, these liposomes can be further functionalized with targeting ligands for specific delivery to disease sites.[@b21-ijn-14-4187],[@b156-ijn-14-4187]

Mitchell et al synthesized a CTC-targeted Dox-delivery system by modifying liposomal Dox (L-Dox) with ES and PEG.[@b160-ijn-14-4187],[@b161-ijn-14-4187] ES can recognize and bind with the sialylated carbohydrate ligands overexpressed on the surface of CTCs. ES-PEG L-Dox can specifically target, capture, and kill CTCs in both static and dynamic environments, without affecting red blood cells or leukocytes. By immobilizing ES-PEG L-Dox onto halloysite NT (HNT)-coated microtubes, obviously improved CTC-capturing and -killing ability was observed. It is noteworthy that HNT-liposome surfaces can enhance chemotherapeutic delivery to CTCs and thus greatly reduce the possibility of tumor metastasis. Moreover, this unique surface can significantly reduce undesired side effects to normal cells and the dosage needed for CTC-targeted chemotherapy. This work opens up new avenues for development of other powerful strategies for effective delivery of chemotherapeutics to CTCs.

Polymeric micelles
------------------

Polymer-based NPs represent polymeric colloidal particles in a size range of several nanometers allowing encapsulation, adsorption, or conjugation of therapeutic agents within their polymeric matrix or their surface.[@b162-ijn-14-4187],[@b163-ijn-14-4187] Due to their properties of biodegradability and biocompatibility, as well as the possibility of controlling their chemical and physical properties by molecular synthesis, polymeric materials are an important cancer drug--delivery system. Polymers can be linear, globular, or branched, and may differ in size.[@b164-ijn-14-4187]--[@b166-ijn-14-4187] Linear amphiphilic block copolymers form core--shell particles, the so-called micelles. These micelles are composed of a hydrophobic core to minimize aqueous exposure and a hydrophilic shell to stabilize the core, built up in an aqueous ambience.[@b167-ijn-14-4187] These properties not only allow loading of hydrophobic small-molecule drugs in the core but also provide steric protection of the shell. Additionally, hydrophilic drugs, including macromolecules like nucleic acids, can be incorporated into polymeric NPs by electrostatic attraction or chemical conjugation. Langer and Folkman demonstrated for the first time the feasibility of controlled release of macromolecules via polymers, clearing the way for the development of anti-angiogenic drug-delivery systems and pioneering novel areas for the delivery of macromolecules.[@b168-ijn-14-4187],[@b169-ijn-14-4187]

During the development of different drug-loaded devices, a number of materials have been used like polyamides, poly(amino acids), polyesters, and polyacrylamides with thermoplastic aliphatic polyesters such as poly(glycolic acid), polylactic acid (PLA), and copolymer poly(lactic *co*-glycolic acid).[@b170-ijn-14-4187]--[@b173-ijn-14-4187] The latter is one of the most successfully used biodegradable polymers for biomedical applications, because its hydrolysis leads to metabolite monomers, lactic acid, and glycolic acid.[@b169-ijn-14-4187],[@b174-ijn-14-4187] PLA- and chitosan-based polymers have also been used for the development of polymeric micelles. Furthermore, PLA shows low toxicity with an additional slightly negative surface charge,[@b175-ijn-14-4187] and chitosan, a polysaccharide, is widely used as a carrier of hydrophilic drugs. Aspecific side effects of the antitumor agent Dox can be reduced by Dox encapsulation in chitosan NPs tested for the treatment of solid tumors in vivo.[@b176-ijn-14-4187],[@b177-ijn-14-4187]

Deng et al demonstrated the use of a Dox-loaded biodegradable polymeric micelles for killing of CTCs and finally suppressing tumor metastasis.[@b121-ijn-14-4187] In this study, the authors synthesized monomethyl PEG--poly(ε-caprolactone) diblock copolymers for the preparation of Dox-loaded micelles via pH-induced self-assembly. Whereas unloaded micelles exhibited minimal cytotoxicity to 4T1 cells, even at very high concentrations, the functionalization of micelles loaded with Dox induced slightly higher cytotoxicity compared to free Dox. Dox micelles were able to inhibit tumor growth, suppress tumor metastasis by killing CTCs, and extend the survival rate in transgenic zebrafish. The improved activity against tumors and metastasis was also demonstrated in a mouse model. Furthermore, Dox micelles induced apoptosis and reduced the number of proliferation-positive cells in tumors.[@b121-ijn-14-4187]

Yao et al developed a neovasculature and CTC dual-targeting nanoplatform (dTNP) by simultaneously conjugating K237 peptide and Ep23 aptamer to the surface of paclitaxel (Ptx)-loaded biodegradable PEG-PLA polymeric micelles.[@b178-ijn-14-4187] K237 peptide is a 12-mer peptide isolated by phage display binding specifically and tightly to KDR/Flk1 tyrosine kinase (one of the two receptors for VEGF overexpressed on tumor neovasculature) and damages vasculogenic mimicry channels. Ep23 is an RNA aptamer with high affinity to EpCAM that is highly expressed on most carcinomas, and it has been reported that it is more sensitive than an antibody in clinical EpCAM detection. The robust CTC-capture and -neutralization capability of dTNP was confirmed by cone--plate viscometry in vitro and 4T1-GFP cell--derived lung-metastasis mouse model via in vivo flow cytometry. The in vivo antitumor efficacy of Ptx-loaded dTNP was evaluated in orthotropic tumor--bearing mice, and the results indicated that dTNP-Ptx displayed optimal therapeutic efficacy. This tumor neovasculature and CTC dual-targeting nanoscale drug-delivery system provide a new modality for the treatment of metastatic cancers.

Biomimetic nanoplatforms
========================

In recent years, an emerging new engineering strategy is the fabrication of nature-inspired biomimetic nanosystems that combine synthetic NPs with natural biomaterials.[@b179-ijn-14-4187] These nanohybrids incorporate biomimetic characteristics (functionality and complexity) of natural materials into synthetic materials with tailorability and flexibility.[@b180-ijn-14-4187] Different from currently used stealth strategies (usually PEG coating) of synthetic materials to escape immune systems, biomimetic nanoplatforms with immunoevasive properties can interact with biological systems without generating immunoresponses.[@b181-ijn-14-4187] Hu et al demonstrated the development of a platelet membrane (PM)-coated core--shell nanovehicle (PM-NV) for tumor targeting and sequential delivery of TRAIL and Dox.[@b182-ijn-14-4187] The PM-NV is composed of a nanogel-based inner core for Dox encapsulation and a platelet membrane--based outer shell for TRAIL decoration. TRAIL-Dox-PM-NV dramatically reduced metastatic nodules in MDA-MB-231 xenograft--tumor mouse model. These results suggest efficient CTC elimination via selective capture by P-selectin on PM and subsequent activation of apoptosis by TRAIL and Dox. In a similar example, synthetic silica particles were func-tionalized with activated platelet membrane along with surface conjugation of TRAIL, which made the best of CTC adhesion to activated platelets and the tumoricidal effect of immune cells to generate an enhanced therapeutic effect.[@b183-ijn-14-4187] In a different case, poly(lactic-*co*-glycolic acid) NPs coated with an inflammatory neutrophil--derived membrane were loaded with carfilzomib and used for treatment of cancer metastasis.[@b184-ijn-14-4187] These carfilzomib-loaded neutrophil-mimicking NPs hold great therapeutic potential for preventing early metastasis, as well as inhibiting the already-formed metastasis via specific elimination of CTCs in the blood. He et al established an inflammatory monocyte--based intelligent biomimetic drug-delivery system with SMNPs by incorporating legumain-responsive NPs into inflammatory monocytes.[@b185-ijn-14-4187] Interestingly, the authors noted that inflammatory monocyte MNPs could be delivered efficiently to metastatic sites in the lung, leading to obvious inhibition of lung metastases.

Conclusion
==========

During the last 6 years, nanotechnological applications received great attention for enrichment, capture, detection, and elimination of CTCs. Applications of engineered NMs in nanomedicine play an important role in early cancer diagnosis and efficient treatment of cancer. The analysis of captured CTCs from patients' peripheral blood samples provides important information about the biology of cancer micrometastasis and shows acceptable application in the clinical management of carcinoma patients. The value of CTC analysis can be demonstrated by liquid biopsies from blood samples of patients with an advanced cancer disease.[@b3-ijn-14-4187]

For over a decade, the FDA-approved CellSearch system has been successfully used for CTC enumeration. Preliminary results of CTC enumeration and analysis suggest monitoring the drug efficiency and the antitumor activity of an ongoing therapy. Today, numerous different CTC-capture and -detection assays have been developed for screening a range of distinct tumor types at different disease stages. The isolation and detection of CTCs can be very challenging, due to their extremely rare presence within the blood. Therefore, specificity and sensitivity remain the key issues that upcoming technologies need to address. NMs seem to meet these criteria and solve the challenges of insufficient purity and low capture efficiency of CTCs, due to their unique properties. The possibility of multiplexed targeting can be implemented by NMs, because they can be modified with different targeting ligands to capture, isolate, and detect CTC subpopulations.

In this review, different NM-based enrichment, capture, and detection methods have been discussed with respect to their advantages and disadvantages for CTC detection and therapeutic targeting ([Table 2](#t2-ijn-14-4187){ref-type="table"}). The incorporation of NMs with microfluidic devices combines the benefits of nanotechnology and microchip technology to optimize CTC-capture methods for further analysis. CTCs represent a promising therapeutic target for nanomedicine. Therefore, it is important to detect and analyze patient blood samples and allow patients to undergo targeted CTC therapy to eliminate CTCs in peripheral blood. Conclusive anticancer-therapy efficacy can be monitored steadily via CTC detection and used in guiding anticancer treatment, implementing the idea of nanomedicine: "Small is smarter".
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![Timeline of PubMed entries.\
**Notes:** Search criteria included "nanotechnology" AND "CTCs", "nano" AND "CTCs", and "nano" AND "circulating tumor cells" to determine number of publications (columns). Timeline of World Health Organization International Clinical Trials Registry Platform entries to display the number of registered clinical trials using search criteria "circulating tumor cells" AND "nano".](ijn-14-4187Fig1){#f1-ijn-14-4187}

![Workflow of patient-derived CTCs for CTC analysis, drug-resistance detection, and personalized drug-delivery systems.\
**Notes:** Patients' blood samples are screened and potential CTCs captured and isolated. Potential CTCs can be enumerated, determined, and stained or cultivated for further analysis. CTC culture can be used for drug-resistance detection and personalized drug development, thereby increasing patient-survival rates.\
**Abbreviation:** CTCs, circulating tumor cells.](ijn-14-4187Fig2){#f2-ijn-14-4187}

![Characteristic stages of tumor-cell dissemination during metastasis.\
**Notes:** Cells from primary tumors undergo epithelial--mesenchymal transition (EMT), leading to the loss of cell--cell adhesion and promoting local invasion into the blood vessels (intravasation). The CTCs produced are able to escape from blood vessels into distant organs of future metastasis (extravasation) after the reverse process (MET), induced by interaction with the local microenvironment.\
**Abbreviations:** CTCs, circulating tumor cells; MET, mesenchymal-to-epithelial transition.](ijn-14-4187Fig3){#f3-ijn-14-4187}

![Illustration of methods for CTC isolation by magnetic separation using magnetic nanoparticles (NPs).\
**Notes:** (**A**) The CellSearch system enriches CTCs using iron NPs linked with anti-EpCAM antibodies (Abs). Labeled cells are magnetically separated, and can be evaluated by immunofluorescence staining. (**B**) AdnaTest allows the immunomagnetic enrichment of CTCs via epithelial and tumor-specific antigens. After separation of potential CTCs from PBMCs, labeled cells are lysed, in order to analyze CTC gene expression via multiplex PCR. (**C**) Process of MACS using superparamagnetic Fe NPs within a magnetized steel-wool column.\
**Abbreviations:** CTCs, circulating tumor cells; PBMCs, peripheral blood mononuclear cells; MACS, magnetically activated cell sorting; RT, real time.](ijn-14-4187Fig4){#f4-ijn-14-4187}

![Microfluidic chip design of CTC chip (**A**) and herringbone chip (**B**).\
**Notes:** Whole-blood sample is pushed through the surface of the chip, which is coated with a CTC-specific antibody, such as EpCAM. Chips differ in their architecture, containing either Ab-coated microposts (**A**) or herringbone-etched microchannels (**B**). Captured cells are stained for CK, CD45, and DAPI. Identified CTCs can be enumerated.\
**Abbreviations:** CTC, circulating tumor cell; Ab, antibody; MNPs, magnetic nanoparticles.](ijn-14-4187Fig5){#f5-ijn-14-4187}

![Synergetic detection and destruction of CTCs by a "sense-and-treat" DNA nanosystem.\
**Notes:** Reproduced with permission from Chen N, Qin S, Yang X, Wang Q, Huang J, Wang K. "Sense-and-treat" DNA nanodevice for synergetic destruction of circulating tumor cells. *ACS Appl Mater Interfaces*. 2016;8(40):26552--26558. Copyright © 2016 American Chemical Society.[@b142-ijn-14-4187]\
**Abbreviations:** CTCs, circulating tumor cells; Dox, doxorubicin.](ijn-14-4187Fig6){#f6-ijn-14-4187}

###### 

Summary of key biomarkers used for CTC detection

  Epithelial markers   Mesenchymal markers                                             Stem-cell markers               Lymphocyte, platelet, and apoptosis markers
  -------------------- --------------------------------------------------------------- ------------------------------- ---------------------------------------------
  EpCAM                N-cadherin                                                      ALDH1                           CD45 (lymphocytes)
  CK8, CK18, CK19      Cell-surface vimentin                                           CD44                            CD61 (megakaryocytes, platelets)
  E-cadherin           Twist1                                                          Gangliosides (GD2, GD3, GD1a)   M30 (apoptosis)
  ZO1                  Akt and PI3K                                                    ABC proteins                    
  ESPR1                Zeb1                                                                                            
  HER2                 Alternative splicing proteins (FGFR2IIIc, Mena, p120 catenin)                                   
  Pls3                                                                                                                 

**Abbreviation:** CTC, circulating tumor cell.

###### 

Overview of NP-based CTC detection methods

  Nanomaterial                            Pros                                                                                                                                                                   Cons                                                                                                         References
  --------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------
  MNPs/nanoclusters                       Biocompatibility, magnetic separation, high sensitivity                                                                                                                Magnetic aggregation; dependence on binding capacity of MNPs (affinity-based)                                [@b42-ijn-14-4187], [@b109-ijn-14-4187]--[@b112-ijn-14-4187]
  Fe-core MNPs                            High magnetic moments, superparamagnetic                                                                                                                               Rapid oxidation → protective shells needed                                                                   [@b57-ijn-14-4187]
  Magnetic--optical bifunctional NPs      Simultaneous detection and isolation of various tumor-cell types, killing by X-ray-based detection possible                                                            Affinity-based                                                                                               [@b53-ijn-14-4187]
  Micro-NMR                               Rapid, highly sensitive biomarker detection, only minimal sample purification necessary                                                                                Variation in NMR frequency depending on temperature                                                          [@b57-ijn-14-4187]
  Quantum dots                            Quantitative detection with high sensitivity, various fluorescence types enable capture of heterogeneous CTCs                                                          Toxicity affects viability (no further investigations possible), intermittence under continuous excitation   [@b21-ijn-14-4187], [@b53-ijn-14-4187]
  Gold NPs                                Microsurgical removal/laser-controlled detection and direct ablation of CTCs, postcapture analysis                                                                     Nonbiodegradability, complicated preparation                                                                 [@b21-ijn-14-4187], [@b53-ijn-14-4187], [@b113-ijn-14-4187], [@b114-ijn-14-4187]
  Graphene/graphene oxides                High specificity, multiplex functionalization, label-free detection, high conductivity, no toxicity, easy functionalization                                            Aspecific cellular internalization, hybrid sensors not reproducible yet                                      [@b21-ijn-14-4187], [@b53-ijn-14-4187], [@b92-ijn-14-4187], [@b115-ijn-14-4187]--[@b118-ijn-14-4187]
  Liposomes                               Biocompatibility, long blood-circulation time                                                                                                                          Low stability                                                                                                [@b21-ijn-14-4187], [@b119-ijn-14-4187], [@b120-ijn-14-4187]
  Polymeric nanomaterials                 Biocompatibility and biodegradability, ease of chemical modification, drug encapsulation/conjugation, improves sensitivity/selectivity of surfaces for CTC detection   Low stability                                                                                                [@b53-ijn-14-4187], [@b97-ijn-14-4187], [@b121-ijn-14-4187]
  Hybrid NPs                              Recovery of viable cells, can proliferate in vitro                                                                                                                     Different hybrid NPs for different types of CTCs necessary, all trials still in vitro                        [@b100-ijn-14-4187]
  SWCNTs/MWCNTs                           High stability, bioactivity, capable of cell capture, high sensitivity, even in whole blood                                                                            One type of aptamer binds only one specific target                                                           [@b122-ijn-14-4187]
  Microfabricated filters                 Label-free, unbiased                                                                                                                                                   Sensitivity to size                                                                                          [@b12-ijn-14-4187], [@b42-ijn-14-4187]
  Microfluidic-enabled immunoseparation   High efficiency, sensitivity, throughput, automatic, further molecular analysis                                                                                        Relied on microscopy imaging for CTC identification after isolation                                          [@b12-ijn-14-4187], [@b36-ijn-14-4187], [@b42-ijn-14-4187], [@b65-ijn-14-4187], [@b123-ijn-14-4187]
  Herringbone chip                        Transparent device for better imaging                                                                                                                                                                                                                                               [@b12-ijn-14-4187], [@b36-ijn-14-4187], [@b116-ijn-14-4187]
  CTC chip                                High throughput, combination of immunomagnetic sorting with micropost-based enrichment                                                                                                                                                                                              [@b12-ijn-14-4187], [@b36-ijn-14-4187], [@b116-ijn-14-4187], [@b124-ijn-14-4187]
  Micro--Hall detector                    Rapid detection, high contrast against blood cells, detection of multiple biomarkers                                                                                   Limited throughput (about 10^7^ cells)                                                                       [@b124-ijn-14-4187], [@b125-ijn-14-4187]
  Gilupi nanodetector                     Large volume analyzed                                                                                                                                                  Affinity-based, complex procedure                                                                            [@b12-ijn-14-4187], [@b36-ijn-14-4187]

**Note:** Data from Zhang and King.[@b21-ijn-14-4187]

**Abbreviations:** MNPs, magnetic nanoparticles; CTC, circulating tumor cell; SWCNTs, single-walled carbon nanotubes; MWCNTs, multiwalled CNTs; NMR, nuclear magnetic resonance; NP, nanoparticle.
